The electron transport of linear atomic chain of MgB 2 sandwiched between Au(100) electrodes was investigated by using the density functional theory with the non-equilibrium Green's function method. We have calculated the corresponding cohesion energy and conductance of junctions in different distance. It is found that, at the equilibrium position, the Au−B bond-length is 1.90Å, the B−Mg bond-length is 2.22Å, and the equilibrium conductance is 0.51G 0 (G 0 =2e 2 /h). The transport channel is almost formed by the π antibonding orbitals, which was made up of the p x and p y orbital electrons of B and Mg atoms. In the voltage range of −1.5 to 1.5 V, the junctions show the metallic behaviors. When the voltage is larger than 1.5 V, the current decreases gradually and then negative differential resistance appears almost symmetrically on both positive and negative bias.
I. INTRODUCTION
The advent of nanotechnology made it possible to synthesize and manipulate even the ultimately thin wires made of single atomic chains [1] . Low dimensional forms of materials can have properties quite different from those of their bulk structures. The existence of single atom chains was demonstrated using the scanning tunneling microscope and mechanically controllable break junctions where a quantized conductance close to G 0 =2e 2 /h for gold was measured, in agreement with previous theoretical predictions [2, 3] . The linear atomic chains of silicon display metallic I-V characteristics [4] , the linear atomic chains of carbon is even a better conductor than gold chain [5, 6] . The conductance of monatomic chains of S, Ge, Sn elements, and of binary compounds such as InP, GaAs, AlSb, BN, SiC, GaN, AlN has been reported [7−10] . The current voltage characteristics of nanodevices have shown profound potentials for device application, including high nonlinearity, negative differential resistance, and electron mechanic current switching. However, a thorough understanding of electron transport mechanisms at nanoscale has not yet been achieved [11] . The bulk materials of MgB 2 were discovered to be a superconductor at a remarkably high critical temperature for its simple hexagonal structure. It will be a good material for electronic devices. During the past decades, MgB 2 has been synthesized in various forms: bulk, thin films, powders, * Author to whom correspondence should be addressed. E-mail: ycheng@scu.edu.cn, futiliu@163.com wires, tapes, as well as single crystals [12] . The results show that the conductance of MgB 2 unit cell when the c axis is perpendicular to the directions of z axis (electronic transport direction) is larger than that when the c axis is parallel to the z axis direction [13] . In order to provide insight into electron transport properties of MgB 2 , we examined the conductance of MgB 2 linear atomic chain attached to Au nanoscale leads using the density functional theory (DFT) combined with the non-equilibrium Green's function method.
II. THEORETICAL MODE AND METHODS
The theoretical model in this program is illustrated schematically in Fig.1 . The physical model is comprised of MgB 2 linear atomic chain coupling with two semi-infinite Au(100) metal electrodes. The whole system can be divided into three regions: left and right leads, and a central extended molecule (scattering area), which includes seven and six Au atomic layers respectively at each side of the junction to screen the perturbation effect [14] . In addition, in order to reduce the influence of leads on the atomic chain, we design the pyramid-shaped electrodes at the top site with the atomic chain parallel to the transport direction (z-axis). The transport behavior is investigated by the ab initio transport code SMEAGOL [15−17] , which calculates the density matrix and the transmission coefficients of a two probe device using the nonequilibrium Green's function formalism. The scattering potential is calculated self-consistently using the SIESTA implementation of DFT [18] . The left and right leads are considered perfect crystals, and the potential is well approximated by that of a perfect bulk electrodes.
The central quantity of the method is the retarded Green's function of the entire system, which is defined by direct inversion of the equation
where E is the energy, S is the corresponding overlap matrix, H is the Hamiltonian matrix, I is the infinitelydimensional identity matrix. Because the interaction of molecule with electrodes can be incorporated into
(E), we can focus the attention on the calculation of the retarded Green's function of the scattering region
The conductance G associated to the two-probe device can be calculated using the Fisher-Lee's relation [19] :
where Γ L/R is the anti-hermitian parts of self energy, e is electron charge and h is the Planck constant. The electron current can be calculated through the formula:
where f is electron distribution function of two electrodes, and µ L/R is chemical potential for the left/right electrode. More calculation details on how this procedure is performed in SMEAGOL can be found in Refs. [15, 16, 20] .
In our calculations, we use the Perdew-Zunger version of the local density approximation to the exchangecorrelation functional [21] . Valence electrons are expanded in single-zeta basis sets for Au atoms and double-zeta along with polarization basis sets for B and Mg atoms. Troullier-Martins pseudo potential in nonlocal form is generated [22] . A periodic boundary condition is applied in the basal plane (orthogonal to the transport direction) with four irreducible k-points in the two-dimensional Brillouin zone. A k-grid sampling of 2×2×100 for the gold electrodes is employed. The cut-off energy and iterated convergence criterion for total energy is set to 200 Rydberg and 10 −4 , respectively. Furthermore, the charge density is integrated over 50 energy points along the semi-circle, 20 energy points along the line in the complex plane and 20 poles are used for the Fermi distribution.
III. RESULTS AND DISCUSSION
In order to calculate the equilibrium structure under different distance, we perform geometry relaxation by keeping the bulk Au leads fixed and relaxing the apexes of the point contact [23] . The ground state energy is therefore calculated as a function of the distance d z between the outer slices (as shown in Fig.1), i.e. we simulate a junction breaking process. During the simulations of the junction breaking process, we calculate the junctions' conductance as a function of d z (shown in Fig.2 ). The conductance varies with d z . This demonstrates the sensitivity of the conductance to the local atomic re-arrangement of the contact region [24] . Going into more details, as the junctions stretch, the conductance increases from 0. In order to obtain the conductance of the junctions at the most stable structure in different distance, we calculate the cohesion energy as a function of d z during the simulation process. The cohesion energy is defined as follows:
The cohesion energy ∆E as a function of d z is shown in Fig.2 In order to gain a deeper understanding of the electronic transport properties of the junctions in the optimal position, we calculate the transmission coefficient T (E, V =0) and DOS in the energy range from −3.0 eV to 3.0 eV (shown in Fig.3 ). We can see that there are two molecular orbitals that contribute to electronic transport near the Fermi level (E F ) of the chain. The transmission spectrum has good corresponding relation to the DOS. From the calculated results, we can know that T (E, V =0) is dominated by a resonance corresponding to the energy of the lowest unoccupied molecular orbital (LUMO).
In order to understand the structure of electronic transport channel, we calculate the projected density of states (PDOS) of B and Mg atoms in the chain. The results are shown in Fig.4 . It is easy to see the transport channel is almost formed by the p x and p y orbital electrons of B and Mg atoms. Because that are perpendicular to the axis direction of the chain, they constitute the π antibonding orbitals, which is LUMO. This LUMO has important influence on electron transport properties. The s orbital electrons of B and Mg atoms have the spherically symmetric characteristics, they interact along the direction of the atomic chain, forming the σ bonding orbitals, which is not very good for electronic transmission. So, its contribution to the transmission is very small.
The results of relationship of current with external voltage are shown in Fig.5 . We can see the junctions show the metallic behavior in the voltage range from −1.5 V to 1.5 V. This is due to the interaction between the chain and the metal electrodes, resulting in electrons of metal leads doped into the MgB 2 linear atomic chain [25] . The most striking influence is on the existence of negative differential resistance (NDR). When the external voltage is larger than 1.5 V, the current decreases gradually and then NDR phenomenon appears almost symmetrically on both positive and negative voltage ranges, which is due to the asymmetric structure of the junction. As we all know, NDR effect has many applications including high-speed switch, memory and amplifier [26] .
To know more about the transport properties of the junctions, we now look at the dependence of transmission spectra T (E, V ) on the external bias. As we know, the existence of external voltage will lead to the two leads maintain different chemical potential. So the junctions will be in the non-equilibrium states. From Eq. (5), we know that the current through junctions depends on the transmission amplitude within the bias window of [−V /2, V /2]. In order to investigate nonequilibrium properties of this two-probe system, we calculate the transmission of the junctions under different voltage in the range from −2.0 V to 2.0 V. age, the transmission peak is gradually near to the bias window and contributes to the transport current, which leads to a linear increase in the current. The junctions show the metallic behavior. However, when the voltage is larger than 1.5 V, the transmission amplitude in the bias window decreases rapidly. As a result, according to the Eq.(5) the total current of the chain decreases and NDR appears under large voltage.
IV. CONCLUSION
Based on the DFT combined with the nonequilibrium Green's function method, we have studied the electron transport properties of MgB 2 in the form of linear atomic chain, which is sandwiched between Au(100) electrodes. To show the breaking process of Au-MgB 2 -Au junctions, we have calculated the corresponding cohesion energy and conductance of junctions in different distance. We find that, when the Au−B bond-length in the junctions is 1.90Å and Mg−B bond length is 2.22Å, the cohesion energy of the junctions reaches the minimum, i.e. the chain is in the equilibrium position. The equilibrium conductance of junctions at this time is 0.51G 0 . From the calculated PDOS, we find that the electron transport channel is almost formed by the π antibonding orbitals, which is made up of the p x and p y orbital electrons of B and Mg atoms. In order to obtain the transport properties of these junctions under different voltages, we have calculated the currents at different voltages ranging from −2.0 V to 2.0 V. It is found that the junctions show the metallic behaviors in the range of −1.5 V to 1.5 V. However, when the voltage is larger than 1.5 V, the current decreases gradually, and the negative differential resistance appears almost symmetrically on both positive and negative bias. These interesting physical properties motivate further experimental researches. It is expected that our theoretical predictions might be realized in future experiments. 
